P R O X I M A L T U B U L A R E P I T H E L I U M
This nephron segment is generally characterized by the reabsorption of large fractions of the glomerular filtrate against, at best, only small ionic concentration gradients. The most extensive electrophysiological studies have been carried out on the large tubules of Necturus, in which cell size is adequate to allow for impalement of single cellular elements. Similar studies are more difficult to conduct on mammalian tubules, particularly in vivo, because of the small cell size, although notable progress has recently been made.
Experiments on amphibian proximal tubule ceils indicate asymmetrical cell polarization. The luminal cell membrane maintains a lower potential difference than the peritubular cell boundary, making the lumen electrically negative with respect to peritubular fluid (1) . The existence of a significant transepithelial potential difference of some 15-20 mv has recently been reconfirmed (2) . Studies on single proximal tubule ceils of Necturus indicate that the potential difference across the peritubular cell membrane is mainly due to a potassium diffusion potential (1) (2) (3) (4) (5) . It is likely, however, that a small but finite sodium conductance at this site renders the potential difference somewhat lower than the theoretically expected one. Since the original studies were performed at constant (K) (C1) product, the relative role played by these ions in generating the peritubular potential difference could not be decided (3, 5) .
In order to obtain information on the relative contribution of potassium and chloride ions to the peritubular potential step, Boulpaep recently measured the effect
C E L L M E M B R A N E B I O P H Y S I C S
on the membrane potential of changes in either potassium or chloride concentration alone (2, 6) . Such experiments were done on the doubly perfused Necturus kidney, a preparation in which sudden changes in the ionic composition of the extracellular environment can be achieved by superfusing the kidney surface with multibarreled pipettes at high flow rates while identical changes are made in the composition of the fluids perfusing the kidney. When potential differences are measured either after alterations of potassium concentration at constant chloride (K being replaced by sodium) or after similar alterations in chloride concentration at constant potassium (chloride being replaced by sulfate), potential displacements are observed. The sum of the two slopes, relating the logarithm of ionic concentration to voltage change, is in good agreement with the slope obtained when potassium and chloride are changed simultaneously. The effects on the membrane potential of sudden alterations in ionic concentrations are particularly useful in evaluating partial conductances, since ionic redistribution is minimized (7) . A plot of instantaneous potential changes against the logarithm of external potassium or chloride concentration gives a slope of some 32 or 12 my per 10-fold concentration change, respectively (2, 6) . From these values, the calculated transport numbers for potassium and chloride are 0.54 (TK) and 0.20 (Tel). 1 Accordingly, the peritubular membrane potential is considered to be predominantly a potassium and chloride diffusion potential. The notion ot a significant contribution ot chloride ions as a charge carrier across the peritubular cell boundary is also supported by input resistance measurements performed on the same preparation by means of a PC bridge circuit (6) . Slope conductances of at least 35 % of the total membrane conductance can be ascribed to potassium ions, and of about 40 % to chloride ions. These studies have also provided evidence for anomalous rectification across the peritubular cell membrane (6) . It is evident that the results obtained by two different techniques agree as to a significant chloride conductance at this tubular site.
From both types of experiments it is apparent, however, that potassium and chloride diffusion potentials do not fully account for the total peritubular potential difference, since the sum of the transport numbers of potassium and chloride, as well as their partial slope conductances, is less than unity. It may be convenient to ascribe the fact that the measured membrane potential is smaller than the expected potassium equilibrium potential either to a finite and significant sodium permeability (1, 3, 5) , or to active potassium uptake into the cell (1, 3, 5) , or to an electrogenic sodium pump (8) . However, direct evidence bearing on these questions, or on that of the contribution of other ions to the observed potential difference, is lacking. An interesting possibility, at least in the proximal tubule of the rat, is that of bicarbonate ions as charge carriers (9) . Recent experimental evidence indicates that a reduction of extracellular bicarbonate concentration significantly reduces the peritubular potential difference. It was concluded that bicarbonate ions contribute to the potential step at this site, since the electrochemical potential gradient favors diffusion into the i The latter value is probably a minimal one, since s o m e diffusion delay between extracellular medium and immediate cell environment cannot be prevented even at the highest possible perfusion rates. cell interior. A significant bicarbonate conductance across the mammalian peritubular cell membrane may be of importance in explaining the interrelationship between potassium depletion and increased proximal tubular hydrogen ion secretion. Rector et al. have pointed out that potassium deficiency may lower the steady-state concentration of bicarbonate in proximal tubular cell water and thus, for a given pCO 2, lower intracellular pH and stimulate hydrogen ion secretion (10) . They point out that the mechanism underlying this process may be passive movement of bicarbonate ions out of the cell along an electrochemical potential gradient which might be increased in hypokalemia. Obviously, the demonstrated peritubular bicarbonate conductance would play an important role in such a metabolic adjustment.
With improved methods, a reinvestigation of some electrical phenomena across the luminal cell membrane has provided evidence of significant differences between this membrane and the peritubular cell boundary (2). In contrast to previous studies, such methods permit the simultaneous recording of both the peritubular and the luminal transmembrane potential. The ionic composition of both the luminal and the peritubular fluid can be changed independently and the effect of such substitutions upon both potential steps measured. The most important findings of such an analysis are the following. (a) Variation of luminal potassium and chloride concentrations at constant product is rather ineffective in altering the potential across the luminal cell boundary. This observation differs from previous results (3) . Estimates indicate that the combined contribution of potassium and chloride ions to the membrane current is about 17 % (2). In studies where the potassium and chloride ions were varied separately, the contribution of chloride as a current-carrying ion species greatly exceeded that of potassium. (b) Perfusion of the lumen with solutions in which choline (a less permeant cation species) replaced sodium resulted in a significantly greater hyperpolarization of the luminal membrane than of the peritubular cell boundary when sodium was similarly reduced in the peritubular fluid compartment. Comparable results also have been reported in Amphiuma proximal tubule ceils (11). 2 It is concluded that the sodium conductance of the luminal membrane exceeds that = Sullivan, W. J. Electrical potential differences in distal tubules of Amphiuma kidney. Am. or. Phy~'iol.
In press. of the peritubular cell membrane, since a relatively larger hyperpolarization obtains across the luminal membrane. A higher sodium conductance at this site facilitates passive entry of this ion into the cell interior along its electrochemical potential gradient, although available evidence makes it appear unlikely that such passive ion transfer is the sole mode of sodium movement at this site (12, 13) . (¢) A number of experimental results suggest some electrical interaction between the peritubular and luminal membranes and make it appear likely that there exists a significant extracellular parallel pathway in addition to the intracellular route of ion movement. A finding in agreement with this interpretation is the large depolarization of the luminal membrane associated with a hyperpolarization of the peritubular cell boundary when the chloride concentration in the tubular lumen is selectively reduced (2) . Diminished intercellular shunting in the absence of chloride ions could explain these interactions if the luminal membrane were to behave as an element of relatively high resistance. Preliminary resistance measurements support this view. 8 Also in agreement with this thesis are studies in which a selective reduction of the electromotive force (emf) of the peritubular voltage generator (depolarization by high concentrations of potassium while the luminal potassium concentration was kept low) manifested itself in almost symmetrical depolarization of both peritubular and luminal potential difference. This is in agreement with the interpretation that the luminal potential difference is driven, to a significant extent, by the peritubular voltage generator via an extracellular shunt path (2). Fig. 1 shows the equivalent circuit for the renal cell when an intercellular shunt path is present.
Boulpaep, E. L. Personal communication. Similarly to the behavior of frog skin (14) , alterations in extracellular osmolarity lead to significant changes in the transepithelial potential difference and conductance at a time when neither the transmembrane potentials nor the effective resistance across the peritubular cell membrane is altered (15) . indicate that the transverse resistance of the proximal tubular wall of Necturus is significantly less than the sum of the resistive contributions of the bordering cell membranes. The latter can be estimated by measuring the space constant, i.e. the current distribution between adjacent cells along the nephron, by an approach outlined in Fig. 3 . In such experiments, a point of considerable interest was the finding that the voltage attenuation along the proximal cell column is a logarithmic one (space constant between 200 and 300 m~); this indicates that the cells behave like a cable conductor with effective low-resistance coupling. Similar results have been reported in another kidney preparation (16) and in other epithelial tissues (17, 18) . It would appear that there are both low-resistance pathways between adjoining cells and separate extracellular shunts between lumen and peritubular fluid space. The cellular compartment, defined as a space which is normally negative by some 70 mv with respect to extracellular fluid, is surrounded by cell boundaries of considerable transverse resistance. (c) Recent measurements of the hydraulic conductivity and of the reflection coefficient in the proximal tubule of Necturus kidney 4 are also consistent with the presence of an intercellular passive conductance channel. This follows from the fact that the equivalent pore radius greatly exceeds that of cellular membranes.
It is pertinent to draw attention to the fact that in proximal tubular epithelium "tight junctions" (19) between cells at the luminal boundary have been observed, but they are characterized by exceedingly short junctional complexes. This area of cell membrane junction may in part determine the magnitude of the transepithelial shunt conductance.
Although significant extracellular shunting. Pertinent is the recent finding of Fr6mter and his associates who report the absence of significant transepithelial potential differences in the rat nephron (20) and remarkably low resistance values across this tubular structure (21) . Both phenomena could be explained by extracellular shunt paths between tubular lumen and peritubular fluid. The very significant loss from the lumen of a number of nonelectrolytes (22) generally assumed to be excluded from the cellular fluid compartment may also be related to migration along an intercellular conductance path.
D I S T A L T U B U L A R E P I T H E L I U M
This nephron segment is characterized by a considerably more variable ionic transfer pattern than that of the proximal tubular epithelium. Although the fraction of filtrate reabsorbed at this site is small, it is across this part of the nephron that ionic concentration gradients of considerable magnitude are established. Under normal free-flow conditions, the concentration of sodium and chloride declines along the distal tubule, while the urinary excretion pattern of potassium is importantly determined by the extent to which these ions are secreted into the distal tubular lumen (13) . Investigations on single amphibian and mammalian distal tubule cells permit some inferences to be made with respect to the ionic permeability properties of distal tubule cell boundaries. There is general agreement from studies on single amphibian (I I, 23) 2 and mammalian (24) distal tubule cells that the over-all transepithelial potential difference (range, from --40 to --60 mv, lumen negative) is the consequence of two finite potential steps. A considerably smaller voltage drop obtains across the luminal cell boundary than across the peritubular one; similarly to the proximal tubule, the cell interior is asymmetrically negative with respect to tubular and interstitial fluid.
The results of experiments in which the dependence of the peritubular potential difference on transmembrane potassium concentration gradients was investigated support the view that this cell boundary is one with dominant potassium electrode character (11, 24) 3 No data bearing on the role of other ion species in generating the normally observed peritubular potential difference are at present available.
A number of experimental results support the view that the luminal cell membranes of distal tubule cells of rat (24) and Amphiuma (11) ~ are about equally permeable to sodium and potassium ions. In addition, anions such as chloride also contribute to the electrical asymmetry (1) . Accordingly, the luminal cell boundary exhibits considerably less ionic selectivity than its peritubular counterpart. Evidence favoring the view that both sodium and potassium contribute to the luminal potential step is based on the following observations. First, the absolute magnitude of the distal transepithelial potential difference bears a strong relationship to the sum of quite variable combinations of sodium and potassium concentrations (24) . Fig. 4 illustrates this point. In particular, replacement of sodium and of potassium by the less permeant choline ion reduces the potential difference across the distal tubule, presumably by alterations in the contribution of both sodium and potassium to diffusion potentials across the luminal cell membrane. Given finite permeabilities for these ions, a decrease in either of these cation concentrations would favor an increase in the luminal transmembrane potential. This is a consequence of the direction of the respective concentration differences. Thus, a decrease in intratubular potassium concentration enhances the driving force for potassium from the cell into the tubular lumen and leads to relative hyperpolarizafion of the luminal cell membrane. Since the over-all transepithelial potential is the difference between peritubular and luminal potential steps, the luminal one being smaller than that across the peritubular membrane, such localized hyperpolarization leads to a reduction of the over-all transtubular potential difference. Consideration of the sodium concentration gradient (Nal . . . . either greater or less than Nac~n w~t,r) is also in agreement with the experimental finding that a fall in tubular sodium concentration favors an increase in the luminal and hence a reduction in the over-all transtubular potential gradient.
A second point favoring the proposed conductance properties of the luminal cell membrane is the finding that quantitative replacement of potassium by sodium in the tubular fluid does not change the transtubular potential difference (24) . Fig. 5 and 6 illustrate the experimental setup and representative results. Such behavior is to be expected if the conductances of sodium and potassium are of similar magnitude. An extensive review of the behavior of both intratubular sodium and potassium concentrations along the distal tubule in a great variety of experimental conditions shows that the sum of these two ions varies but little, an observation in agreement with the generally observed constancy of the transepithelial potential difference along the same nephron segment. Quantitative estimates indicate that the relatively low degree of selectivity of the luminal cell membrane to the main intratubular ion species minimizes the electrical effects of alterations in the transmembrane ionic concentration gradients.
Finally, attention should be drawn to the recent observations of Sullivan, who measured the dependence of potential differences across the luminal cell boundary of distal tubule ceils of Amphiuma on intratubular sodium and potassium concentration gradients (11) .2 In such studies, a more direct evaluation than in the mammalian tubule is possible, since impalement of single cell elements is much easier. These studies show that the slope relating the luminal transmembrane potential to perfusion fluid potassium concentration is much less steep than the corresponding relationship for the peritubular membrane. As in the mammalian nephron, reduction of intratubular sodium concentration results in a striking hyperpolarization of the luminal membrane. Calculation of the permeability ratio N a : K , using the Goldman-Hodgkin-Katz equation (25) and analytically measured ionic concentration gradients, indicates that the luminal membrane of distal tubule cells is also essentially equally permeable to sodium and potassium. 9 Less direct evidence shows that in addition to the demonstrated role of cations in the generation of the transepithelial potential difference, anions such as chloride also contribute to the electrical asymmetry. Reabsorptive anion movement, such as presumably occurs passively when chloride is present, increases the luminal potential difference and thereby depresses the transtubular one. Diminished diffusion of such poorly permeant anions as sulfate, ferrocyanide, bicarbonate, and phosphate causes relative depolarization luminally, and thereby increases the electronegativity of the lumen (26) (27) (28) . Recent direct measurements indicate, however, that chloride contributes significantly less to the total measured conductance than either sodium or potassium. Also, intercellular shunts seem to play no important role in the distal tubular epithelium. ~
The functional importance of variations in the electrical driving force across the distal tubular epithelium can be most clearly demonstrated by its role in the passive transfer of potassium into the lumen (27) (28) (29) . Leakage of intracellular potassium into the lumen occurs down an electrochemical potential gradient across the relatively depolarized luminal cell membrane. The extent of this process has been shown to be importantly influenced by the absolute magnitude of this parameter and thus represents one regulating factor in renal potassium transport.
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